Gene innovation is a key mechanism on the evolution and phenotypic diversity of life forms. There is a need for tools able to study gene innovation across an increasingly large number of genomic sequences to maximally capitalise our understanding of biological systems. Here we present Comparative-Phylostratigraphy, an open-source software suite that enables to time the emergence of new genes across evolutionary time and to correlate patterns of gene emergence with species traits simultaneously across whole genomes from multiple species. Such a comparative strategy is a new powerful tool for starting to dissect the relationship between gene innovation and phenotypic diversity. We describe and showcase our method by analysing recently published ant genomes. This new methodology identified significant bouts of new gene evolution in ant clades, that are associated with shifts in life-history traits. Our method allows easy integration of new genomic data as it becomes available, and thus will be a valuable analytical tool for evolutionary biologists interested in explaining the evolution of diversity of life at the level of the genes.
to extract meaningful biological patterns from the vast volume of sequence data, stratified across numerous genomes.
The evolution of new genes (i.e., those that lack any significant sequence similarity to other known genes; (Domazet-Loso and Tautz 2003) ) plays an important role in generating genomic diversity. It is thought that there are four ways in which new genes can arise, namely gene-duplication, de novo origin from non-coding sequences, lateral gene transfer and retrotransposition / (Ding et al. 2012; Zhou and Wang 2008) . Gene-duplication and retrotransposition appear to be common mechanisms in eukaryotes and prokaryotes, whilst lateral gene transfer events seem to be very rare in eukaryotes (Zhou and Wang 2008) . De novo origin was thought to be a rare and unlikely mechanism (Jacob 1977) but recent evidence is changing this view. For example, orphan genes (i.e., genes that appear to be unique to a particular species or clade), are pervasive in every genome sequenced to date (Tautz and Domazet-Loso 2011) and there is increasing evidence that genes often originate de novo from non-coding sequences (see review by (Zhou and Wang 2008) ) and proto-genes, e.g., in Saccharomyces cerevisiae (Carvunis et al. 2012) . Overall, the current evidence suggests that de novo gene evolution is an important mechanism but its quantitative contribution to gene innovation remains unknown (Ding et al. 2012) . The rapid accumulation of high quality genomes provides the raw material to greatly enhance our understanding of when and how genomic diversity is generated.
The evolution of phenotypic innovation appears to coincide with evolutionary periods when new genomic diversity emerges. For example, there is evidence that new gene copies and de novo origination of genes accompanied the evolution of embryogenesis and morphology (Domazet-Loso et al. 2007; Khalturin et al. 2008) , new cell types (Hemmrich et al. 2012; Arendt 2008) and complex behavioural repertoires (Dai et al. 2008; Emes et al. 2008 ). Thus, determining whether the timing of gene birth (or family expansion) coincides with the evolution of new phenotypes is a fundamental question in modern biology, as we attempt to understand the general evolutionary processes underlying the diversity of life (Domazet-Loso and Tautz 2008; Domazet-Loso and Tautz 2010a; Hemmrich et al. 2012; Arendt 2008) . Current analytical methodologies enable periods of new gene innovation to be detected in a single species (e.g., phylostratigraphy (Domazet-Loso and Tautz 2003)) or gene family expansions in multiple species (e.g., gene-family size analyses (Csuros and Miklos 2009)). Methods suitable for analysing multiple species do not scale-up well for analyses of tens or hundreds of genomes, and also require re-analysis of the whole dataset as new genomes become available. With the rapid growth in genomic resources, there is increasing demand for new analytical tools that allow comparisons of genomic diversity across a large number of species and evolutionary lineages simultaneously. Such a comparative approach would profit from powerful and well-developed comparative phylogenetic methods (e.g., (Pagel 1999) ) to detect macroevolutionary patterns of genomic diversity across multiple lineages and associate them with phenotypic evolution.
In this paper, we develop a comparative method for detecting an important component of genomic diversity -the emergence of new protein families. These new genes are assumed to arise through a model of punctuated evolution via founder genes, which represent evolutionary novelties in protein sequence (i.e. this excludes simple duplications of existing genes or re-shuffling of functional domains) (Domazet-Loso & Tautz 2010). Our method combines an existing approach (phylostratigraphy (Domazet-Loso and Tautz 2003)) with comparative genomics methods to generate the first method and software suite for analysing gene innovation events across whole genomes of multiple species.
Thus, it enables systematic mining of gene innovation across the rapidly increasing number of genome sequences available. As proof of concept, we provide a case study test of our method to identify significant leaps in gene innovation that may correspond to the emergence of life-history innovations in the ants. Our software is open source and thus will provide an important step forward for the genomics community in maximal exploitation of omics data sets.
New Approach: Comparative-Phylostratigraphy
Phylostratigraphy is a statistical method which quantifies gene-founder events across evolutionary periods of a genome by stratifying its genes based on the evolutionary period in which they first appeared (Domazet-Loso and Tautz 2003) . A gene-founding event marks the emergence of a protein-coding sequence that forms a new gene lineage or gene family, which may confer functional novelty. Thus, in this sense we define 'new genes' as ones which represent new functional proteins or protein-coding domains, that were not previously present in the genome. This definition assumes the evolutionary origin of a gene through punctuated evolution of protein families via founder gene formation (Domazet-Loso et al. 2007) . Evolutionary periods are referred to as 'phylostrata' and represent points of divergence between a species' lineage and its ancestors. Genes are assigned to a phylostratum when some or all descendants of this ancestor contain the gene, i.e., the gene's phylogeny coalesces into the taxon where the most recent common ancestor (MRCA) of that gene must have existed (Domazet-Loso and Tautz 2003) .
Phylostratigraphy therefore identifies these new genes and pinpoints their likely point of emergence during specific evolutionary periods (phylostrata). The approach is simply and yet powerful as it helps to overcome some major limitations of current gene-family analyses, such as the need for fully sequenced genomes, the computational burden of building thousands of gene-family trees, resolving orthology versus paralogy relationships, and having to re-build and infer parameters when new genomes are available, whilst still identifying expansion of the gene repertoire (Domazet-Loso et al. 2007; Tautz and Domazet-Loso 2011) .
Previously, phylostratigraphy has been applied to study the dynamics of gene innovation through the evolution of a single genome or to compare the relative age of genes expressed in different cells, tissues or developmental stages. These studies have provided major insights into the evolution of human diseases (Domazet-Loso and Tautz 2008; Domazet-Loso and Tautz 2010a), development (Domazet-Loso and Tautz 2010b; Domazet-Loso et al. 2007; Hemmrich et al. 2012 ) and gene evolution (Domazet-Loso and Tautz 2003; Tautz and Domazet-Loso 2011) . But the method has tremendous potential in comparative genomics, to identify general patterns of genomic evolution across species.
To realise this potential we need to: a) extend the original methodology to the simultaneous analysis of datasets from multiple species; b) identify the biological functions of the genes experiencing expansions or founding events in different phylostrata; and c) provide an open source software programme for the community to deploy this approach. In this study we achieve these three goals through the development of a new software suite, Comparative-Phylostratigraphy. The remainder of this section explains how this method allows phylostratigraphy to be extended to multiple species (additional details on Supp Material section II) and in Supp Mat section III we present details of the software implementing the original phylostratigraphy and our new methodology.
Comparative-Phylostratigraphy differs from previous methodologies in that it compares simultaneously the dynamics of gene innovation across the evolutionary history of multiple species (Fig 1) . The macro-evolutionary comparative component is an important step forward from existing methods (e.g., phylostratigraphy (Domazet-Loso et al. 2007) or ProteinHistorian (Capra et al. 2012) ) because it uses phylogenetic information to identify associations between macro-evolutionary trends of gene innovation and species lifehistory traits. Specifically, it enables the identification of associations between gene innovation in different phylostrata with the emergence of general phenotypic transitions in evolution that are of ecological, economic and evolutionary importance. Such transitions include the shift from free-living to obligate symbioses (e.g., the origin of agriculture in fungus-growing ants), a change in life strategy (e.g., from generalist to specialists in parasitoids) and major evolutionary transition (e.g., the shift from solitary to social living).
Comparative-Phylostratigraphy starts by obtaining phylostratigraphic profiles, i.e., the number of genes assigned to each phylostrata, for each species using phylostratigraphy (additional details on Supp Mat section II-A). The comparative component is achieved by contrasting the phylostratigraphic profiles between species to identify commonalities and differences associated with species' phenotypes. We use a poisson linear mixed model formulated as c fs ~ N s *e^(a*1 + b*t s + h*t s *f + g) where c fs is the number of proteins in species s assigned to phylostratum f, N s is the total number of proteins annotated in the genome of species s, t is a vector of species' covariates which can be coded as factors or as continuous variables, a is the model's intercept, b is a vector of coefficients indicating the effect of species' covariates on the counts c fs , h is a vector of coefficients for the species' covariate and phylostrata interaction, and g is a vector of species coefficients with variance-covariance matrix Q = τC, with C defined by the species relationship τ and the scaling parameter. The C matrix is calculated from the species tree, using the method of Hadfield and Nakagawa (2010) . This model is fitted using MCMCglmm (Hadfield 2010) software for R (R Development Core Team 2012). The coefficients b can be used to assess a difference between the phylostratigraphic profiles, and the coefficient h identifies differences associated with specific phylostrata and covariates (additional details on Supp
Mat section II-B).
Next, we extended the methodology to identify deviations in the functions of proteins assigned to a particular phylostratum that are different between the species being compared. This corresponds to an expansion of specific biological function at a specific period in evolution. This analysis was implemented by integrating analyses of phylostratigraphic profiles with gene-set enrichment analyses using hypergeometric 
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; Suen et al. 2011) . But, an untested hypothesis is that the origin of agriculture in the Attine ants is associated with a proliferation of new genes, rather than simply genomic reductions, which may be expected from their derived, symbiotic lifestyles.
These seven ants also represent other life-history differences, such as different levels of eusociality, dietary specialisations and mating systems (see Supp Table 1 for additional information on species' life-history traits). For example, P. barbatus is a seed-harvesting ant that, like the leaf-cutters, exhibits high levels of polyandry, while the monandrous H.
saltator exhibits only primitive eusociality.
We compare these ant genomes to identify any differences in their phylostratigraphic profiles that may be associated with life-history innovations. Specifically, we ask whether any significant levels of gene innovations in the ants are associated with the shift from non-farming to farming.
Results and Discussion
We used Comparative-Phylostratigraphy (see Methods and Supp Mate sections I and II) to construct and compare the phylostratigraphic profiles of each of the seven ant species.
This revealed two main periods of gene innovation. Firstly, most (33-39%) of the ant proteins originated at the origin of cellular life or at the basal branch of eukaryotes and metazoa, as observed for other eukaryotic groups (Tautz and Domazet-Loso 2011) (Fig 2) .
Most of these genes represent the core cellular machinery, such us central metabolism, DNA replication, RNA-transcription and protein translation, all of which are shared with unicellular organisms. This finding provides proof-of-concept for our method.
A second significant period of innovation, accounting for an additional 8-22% of new proteins, occurred after the origin of the Formicidae (phylostratum) (Fig 2) . There was a significant difference between the farming and non-farming ant species in the number of new genes appearing at the phylostrata after the origin of the Formicidae (p-value < 0.008, regression-coefficient = 0.68 (95% confidence intervals: 0.17-1.19)). No other phylostratum differed between the two groups (Supp Table 2 ), suggesting that the divergence of the farming lineage from the non-farming lineage explains these differences in gene innovation. These results suggest that the genome composition of these two groups of ants differs significantly in the number of genes that originated after the farming and nonfarming lineages diverged. We explored this result in more detail by examining for each species the percentage of new genes in each of the phylostrata since the Formicidae ancestor, i.e., the last common ancestor of the two groups. We found a bimodal distribution in the proportion of new genes among species that was explained by the division between non-farming and farming life styles: in non-farming ants 12 ± 4% of genes in the genome are species specific (new) genes, whilst in the farming ants 21 ± 1.5% are new genes (p-value < 0.05).
Finally, we tested whether the genes defining the phylostrata of the two ant life styles differed in their putative biological functions. Five Gene Ontology (GO) categories were identified as differentially enriched between ant life styles, and interestingly, the genes belonging to these GO categories all originated in phylostrata prior to the origin of the Formicidae (Table 1) . Interestingly, two of the enriched categories are associated with metabolism (GO:0004396 and GO:0008137), suggesting a potential link with the diets associated with the two life strategies.
These results provide provisional support for the hypothesis that the shift to agriculture in ants was accompanied by the emergence of a substantial number of new genes. This is plausible, given that the functional changes appear to be associated with metabolism, and thus indicate a link to dietary changes. However, we cannot exclude the possibility that gene innovation is additionally (or instead) explained by the shift from single mating by queens to high promiscuity, since P. barbatus also showed elevated levels of gene innovation, and queens of P. barbatus and the two attines are highly multiply mated, whilst the other species are all obligately singly mated. The evolution of multiple mating is a key innovation in the highly complex eusocial species, conferring multiple life-history benefits (Sumner et al. 2004 ). Likewise, we cannot exclude the possibility that simply a shift from ancestral scavenging behaviour to reliance solely on plant material can explain the gene innovations. However, our results cannot be explained by level of sociality, colony size or type of coloniality (Supp Table 3 ). With the addition of genome sequences for the lower attines, which are singly-mated fungus farmers, and further herbivorous species (e.g. Messor spp.), our method will allow a fine-level discernment of the relationships between life-history innovations and punctuated gene origination in the ants.
Summary and Future Directions
These results provide proof of concept for our method and software, through the identification of novel genes at the origin of the Eukaryotes and correlation of gene innovation patterns with species life-history traits. In addition, our results provide the first suggestion that shifts in life-style in ants from an ancestral free-living state to a symbiotic mutualism are associated with a significant increase in gene innovation across the genome. Although interpretation of our case study was limited by the species currently available, our results support similar findings of an association between large-scale gene innovation and major phenotypic innovations (see section 1 above). Interpretation of gene functionality, however, remains limited for our, and similar, studies, as determining the functionality of orphan (new) genes is currently a major challenge. Nonetheless, our methodology provides a step forward by allowing us to assess whether the prevalence of new genes in genomes is associated with a species' trait. This insight could not be gained using previous methodologies, which focus on analysis of a single genome (e.g., Future methodological challenges include the integration of transcriptome data into analyses, which would greatly extend the range of taxa and questions that can currently be addressed.
Materials and Methods
Phylostratigraphy and comparative-phylostratigraphy (described in Supp Materials sections II) were performed using our newly developed software ComparativePhylostratigraphy, which is described in detail in Supp Materials sections III. Species' classification as farming or non-farming ants was obtained from relevant literature 
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Analysis of phylostratigraphic profile Table 1 ).
Protein sequences were annotated to Gene-Ontology (GO) categories (Ashburner et al.
2000) using InterProScan v4.5 (Zdobnov and Apweiler 2001). Protein sequences were
compared to the non-redundant protein database from NCBI using BLAST (Altschul et al. 1990) . A phylogenetic tree for these species was constructed using protein families with a single predicted protein across all 33 Arthropods species included on the OrthoDB v5 database (Waterhouse et al. 2011) , this ensures the families are likely true single-gene families and not an example of a reduction in size in the ancestor of all ants species. The protein sequences were aligned using T-COFFEE (Notredame et al. 2000) by combining the output from multiple software (M-COFFE methodology) with the following options: "-method mafftgins_msa muscle_msa kalign_msa t_coffee_msa". Alignment blocks of at least 10 amino-acids were extracted using GBlocks (Castresana 2000) . We utilised
ProtTest to identify a model of molecular evolution for the concatenated alignment blocks and the best model selected by both Akaike Information Criteria or Bayesian Information
Criteria had substitution rates with a 4-categories gamma distribution, amino-acid matrix =
LG and amino-acid frequencies estimated from the data. We used these options to construct a species tree using PhyML (Guindon et al. 2010 ) with 1000 bootstrap replicates to assess nodes support. The structure of the tree agreed with the known species relationships and no node had low (< 90%) bootstrap support (Supp Figure 1) .
II. Comparative-Phylostratigraphy a) Phylostratigraphic Analyses
We implemented the phylostratigraphic analyses described by Domazet-Loso et al.
(2007) in a newly-developed software tool called Comparative-Phylostratigraphy. We refer the interested reader to Supplementary Files and the software website (https://github.com/inti/Comparative-Phylostratigraphy) for a detailed description of the software implementation and capabilities. We utilised the phylostratigraphy.pl script to parse the BLAST output files from each species analyses separately. This script assigns every protein to a phylostratum (i.e., ancestor) from the query species going back to the last common ancestor of all cellular organisms. Results were filtered by an e-value equal to 1e -3 , which has been shown to provide a good trade off between sensitivity and specificity (Domazet-Loso and Tautz 2003) . If a protein did not have BLAST results with evalue < 1x10 -3 it was considered to be species specific and assigned to the query species.
We removed from further analyses phylostrata without proteins assigned to at least one species. The phylostratigraphy.pl script also provided the total count of proteins mapped to each phylostratum with 95% confidence intervals calculated by bootstrapping with 5000
replicates. For our statistical comparisons (see below) we defined two groups in order to test our main hypothesis -namely the farming and non-farming ants -which have the Formicidae taxon as their last common ancestor; this is oldest the phylostratum at which we can compare them. To allow comparison of gene innovation patterns after their divergence from the Formicidae we combined all genes appearing after the origin of the Formicidae into a single new phylostratum that we called "After_Formicidae".
b) Comparison of phylostratigraphic profiles
For each species we had a phylostratigraphic profile, i.e., the number of proteins the phylostratigraphic analyses mapped to each phylostratum and the total number of proteins in each species. In order to compare these profiles between our two groups of interest we used a Bayesian Poisson linear mixed model formulated as c fs ~ N s *e^(a*1 + b*t s + h*t s *f + g) where c fs is the number of proteins of species s assigned to phylostratum f, N s is the total numbers of proteins annotated in the genome of specie s, t is a vector of species'
covariates which can be coded as factors or a continuous variables, a is the model's intercept, b is a vector of coefficients indicating the effect of species' covariates on the counts c fs , h is a vector of coefficients for the species' covariate and phylostrata interaction and g is a vector of species coefficients with variance-covariance matrix Q = τC with C defined by the species relationship and τ the scaling parameter. The C matrix is calculated from the species tree, using the method of Hadfield and Nakagawa (2010) . This model is fitted using MCMCglmm (Hadfield 2010) software for R (R Development Core Team 2012).
The coefficient b can be used to assess a difference between the phylostratigraphic profiles and the coefficient h identifies differences associated with specific phylostratum and covariates. The model was fitted using the MCMCglmm software for R with default parameters with the exception of the offset (N s ). MCMCglmm does not explicitly implement the use of an offset but this can be included as a regressor coded as log(N s ) and setting its prior mean to 1 and variance to 1x10 -6 to ensure the mean of its coefficient is 1. We ran 1 million iterations with a burn-in of 50000 and sampled parameter values every 1000
iterations after the burn-in to estimate the posterior distribution of the parameters. Model parameters were summarised by their mean and 95% confidence intervals from the 950 parameters' samples from their posterior distribution. Convergence was assessed visually by plotting the value of the parameters over the iterations using the 'coda' software (Plummer et al. 2006) for R (R Development Core Team 2012). Convergence was achieved soon after 100000 iterations with no sign of autocorrelation in the samples.
c) Cross-species gene-ontology comparison of phylostrata
We aimed to identify differences in the function of proteins assigned to a given phylostratum between farming and non-farming species. By combining the GO annotations of the proteomes and the results of the phylostratigraphic analyses we obtained the number of proteins belonging to each GO category in each phylostratum for each species.
We filtered out GO categories in a phylostratum-wise manner, i.e., removed them from the analyses of a phylostratum if they did not pass our thresholds but kept them in a phylostratum where they did. The two filters applied were: a) GO categories had to have some variation in their counts in a phylostratum across species; and b) they had to be present in all seven species. After applying these filters, there were 4005 GO categories for statistical analyses. In order to test for differences in GO categories across species at specific phylostrata we follow a two step procedure. Firstly, we calculate the overrepresentation of each GO category in each phylostratum. This is done for each proteome separately. Second, we compare this overrepresentation for each GO category across species using as a null hypothesis that a given GO category has the same enrichment (proportional to its proteome) at a particular phylostratum across farming and non-farming ant species. Thus, we formulated the first step as an enrichment analysis calculated using the hypergeometric distribution, from which we calculated the following zscore:
where N = total number of proteins in the proteome, R = total number of proteins in a GO category, n = total number of genes in the phylostratum and r = number of genes belonging to the GO category and the phylostratum (i.e., their intersection). We performed cross-species comparisons on the basis of this z-score (i.e., comparing the enrichment directly across species) by regressing the species group (part of the Attini clade or not)
and phylogeny on the z-score using a phylogenetic generalised least-square regression as implemented by the 'glm' function of the 'nlme' software for R (R Development Core Team 2012). The coefficient of the farming and non-farming ant covariate can be used to assess the difference in enrichment between species. We used a local False Discovery Rate (FDR, (Strimmer 2008) ) of 0.05 to select a set of results for further inspection.
III. The Comparative-Phylostratigraphy Software Suite
We developed a complete software suite allowing users to start from results of sequence searches and perform data analyses within and across species (Supp Fig 2) . Below we describe how our software allows some outstanding problems in the evolution of genomic novelty to be addressed, and how the individual components fit together. We divide the questions broadly into within and across-species questions.
iv)Within species: Within species comparisons are those concerned with identifying differential patterns of gene emergence or gene age between sets of genes within the same genome. For instance, one may be interested to know when genes associated with a biological function (e.g., immunity) first appeared; did these genes appear simultaneously at a single point in evolutionary time, or as multiple events over several time periods? Are they younger or older than the genome's average gene?
The first and second questions can be answer with the phylostratum_enrichment.pl script, which will calculate the p-value of enrichment of a gene-set of interest among the genes of each phylostratum. Enrichment p-values are calculated using the hypergeometric distribution. This analysis can be performed for one or many genesets, facilitating large-scale analyses, e.g., using Gene Ontology (Ashburner et al. 2000) categories. The third question can be addressed with the gene-set age index (GAI) = (∑ps i *w i )/∑w i , where the sums are calculated over the total number of genes in the gene-set, ps i is the index of the phylostratum index of the ith gene (increasing from 0 for "cellular organism" to the extant taxa being analysed) and w i is a gene specific weight. The transcriptome age index (TAI) is a special version of GAI in which each gene's weight is represented by its expression level (Domazet-Loso and Tautz 2010). Both GAI, TAI and statistical comparisons using them can be computed with the gene_set_age_index.pl.
v)Cross-species: The approach can be expanded to multi-species comparisons, to determine whether biological innovations, shared by groups of species, are associated with a synchronised emergence of specific set(s) of new genes. In order to test for differences in the number of genes originating in a particular phylostratum across two or more species we use a generalised linear mixed model accounting for species nonindependence (using the species phylogeny) and the different number of genes in its genome. In addition, if a gene's annotation is available, it is possible to test whether the differences of gene content between species are due to genes belonging to a predefined gene-set originating in a particular phylostratum. The combination of these two analyses has the potential to identify the evolutionary origin and function of genes Table 3 . Association between species traits and the geneinnovation on the After-Formicidae phylostratum. pMCMC represent the number of times the mean value of coefficient was below 0 across the 950 samples from the posterior. Comparison were made using as reference Farming for farming/non-farming, simple for eusociality level and polyandrous for polyandrous/monandrous. Colony type was coded as unicolonial = -1, unicolonial/multi-colonial = 0, multi-colonial = 1 and colony size as 100s = 2, 1000s = 3, 100000s = 4, 1000000s = 6. Please that the result of 'Eusociality level' suggest a reduction in gene-innovation for H. saltator, the only simple eusocial specie, which does not explain out patter of interest, i.e., increase geneinnovation on farming ants.
